Inhibition experiments with unlabelled HA and oligosaccharides from HA indicate that each molecule is bound by several receptors acting co-operatively and that the single receptor recognizes a tetra-or hexa-saccharide sequence of the polysaccharide. At 37°C the liver endothelial cells endocytose the HA. The process combines the features of a receptor-mediated and a fluid-phase endocytosis. The rate of internalization does not show any saturation with increasing HA concentration, but is approximately proportional to the polysaccharide concentration at and above the physiological concentration. At 50ug of free HA/I each liver endothelial cell accumulates 0.1 fg of the polysaccharide/min. Fluorescent HA accumulates in perinuclear granules, presumably lysosomes. Degradation products from HA appear in the medium about 30min after addition of the polysaccharide to the cultures. The radioactivity from HA containing N-[3H]acetyl groups or 14C in the sugar rings is recovered mainly as
[3H]acetate and [14C]lactate respectively. Estimations of the capacity of liver endothelial cells to internalize and degrade HA in vitro indicate that these cells may be primarily responsible for the clearance of HA from human blood in vivo.
Sodium hyaluronate (HA) injected intravenously into rabbit and man is rapidly cleared from the bloodstream (Fraser et al., 1981 (Fraser et al., , 1984 . It is mainly taken up by the liver, as shown by analysis of rabbit tissues (Fraser et al., 1981) or by autoradiography in mice . The uptake occurs in the non-parenchymal-cell fraction (Fraser et al., 1981) .
Primary cultures of non-parenchymal rat liver cells, seeded on fibronectin-coated dishes, contain mainly liver endothelial cells (Eriksson et al., 1983; Smedsrod et al., 1982; B. Smedsrod & H. Pertoft, unpublished work § To whom reprint requests should be addressed.
for identifying these cells is the uptake of fluorescent ovalbumin, which seems to be specific for the liver endothelial cells (Eriksson et al., 1983; Smedsrod et al., 1982) . A preliminary study showed that cultured liver endothelial cells efficiently degrade HA into lowMr products, in contrast with cultures of hepatocytes or Kupffer cells produced by well-established techniques (Eriksson et al., 1983) . In the present paper we describe a more detailed study of the uptake and degradation of labelled HA in primary cultures of liver endothelial cells.
Materials and methods Polysaccharides
HA, one fraction with Mr of several millions (Healon) and another fraction with Mr 400000 were obtained from Pharmacia AB, Uppsala, Sweden. Oligosaccharides of HA were prepared essentially as described by Hascall & HeinegArd Vol. 223 (1974) . HA (900mg) dissolved in 100ml of 0.5M-sodium acetate buffer, pH5.2, was digested at 37°C for 22h with 2500 units of bovine testicular hyaluronidase (Leo, Hailsingborg, Sweden) . The reaction was terminated by boiling. The oligosaccharides were separated on a column (3 cm x 250cm) of Sephadex G-50 (superfine grade) (Pharmacia) equilibrated in 1 M-NaCl. The oligosaccharide fractions, identified by their elution positions, were desalted by chromatography on Sephadex G-15, and freeze-dried.
Samples of chondroitin sulphate (Wasteson, 1971) , dermatan sulphate (Teien et al., 1976) and heparan sulphate (Iverius, 1971) were as described in the references. Heparin (stage 14, isolated from pig intestinal mucosa) obtained from Inolex Pharmaceutical Division, Park Forest South, IL, U.S.A., was purified by repeated precipitation with cetylpyridinium chloride from 1.2M-NaCl (Lindahl et al., 1965 Vuento & Vaheri (1979) .
Labelled compounds
Radioactive HA was prepared by biosynthetic labelling of cultured synovial cells as described by Fraser et al. (1981) (Laurent & Granath, 1983) . HA (Healon) was labelled with fluorescein amine as described by de Belder & Wik (1975) . The labelling was kindly performed by Dr. A. N. de Belder, Pharmacia AB. The polymer had M. 2x106-3 x106 and a degree of substitution of 5.5 x 10-3 fluorescein groups per sugar residue.
Cell cultures
The preparation of liver endothelial cells, Kupffer cells and hepatocytes has been described (Eriksson et al., 1983; Smedsrod et al., 1982) . The cells obtained are viable and separated from each other with less than 5% cross-contamination. The cells were grown on plastic dishes with surface areas of 2.0, 9.6 or 28.2cm2 (Linbro; Flow Laboratories, Irvine, Scotland, U.K.). They were incubated in 0.2, 0.6 and 1.5ml, respectively, of RPMI medium (Flow Laboratories) containing 100 units of penicillin/ml, 50ug of streptomycin/ml and 1% bovine serum albumin or, in prolonged incubations, 20% (v/v) newborn-calf serum. The calf serum contained about 600ng of endogenous HA/ml as determined by a radiosorbent assay (Laurent & Tengblad, 1980; Engstrom-Laurent et al., 1983) .
Liver endothelial cells and hepatocytes were grown on dishes coated with fibronectin (10sg/cm2). After Other growth conditions, microscopy, cell counting, cytochemical methods etc. have been described (Eriksson et al., 1983; Smedsrod et al., 1982) . Determination After termination of the experiments, the cell fractions were recovered as described above. The culture medium and washings were combined and chromatographed on a 9ml column of Sephadex G-25 (PD-10, Pharmacia) equilibrated with phosphate-buffered saline. The radioactivity separated into two distinct peaks, one in the void volume and one in the low-Mr region. The proportion of degraded HA in the culture was calculated from the relative proportions of the two peaks.
Isolation of degradation products
Liver endothelial cell cultures in 9.6cm2 dishes were incubated under standard conditions with 2-3pg of radioactive HA for 20h at 37°C. The medium from the cultures was chromatographed on a column (1cm xO00 cm) of Sephadex G-15 (Pharmacia) equilibrated with distilled water. The flow rate was 0.3 ml/min, and 0.6ml fractions were collected. Both 3H-and 14C-labelled products emerged as sharp peaks at Kay. approx. 0.25 (i.e. less retarded than the same components eluted with a physiological salt solution; Eriksson et al., 1983) . The isolated products were used directly for identification studies. Accumulation offluorescein-amine-labelled HA into liver endothelial cells Liver endothelial cells were cultured under the conditions described above, with 1 mg of fluorescent HA/ml in the medium. The experiment was Vol. 223 terminated after 20h. The cells were washed five times before fixation and mounted for examination by fluorescence microscopy as described by Smedsrod et al. (1982) . Electrophoresis and chromatography High-voltage electrophoresis was performed in veronal buffer, pH 8.6, IO.075, on 40cm paper strips (Whatman 3MM). Samples (lOOp1) containing lOOOc.p.m. of 14C or 8000c.p.m. of 3H were separated at 1OOV/cm for 30min. The paper was then dried with a hair-drier and cut into 1 cm-wide strips, which were soaked with 0.5ml of water, mixed with scintillation fluid and counted for radioactivity.
Paper chromatography was done at room temperature in butanol/ethanol/water (10: 3: 5, by vol.) or ethyl acetate/acetic acid/water (3:1:1, by vol.) for 24 or 16h respectively. The papers were dried and analysed for radioactivity as described above.
High-performance liquid chromatography was performed on an Aminex HPX-87H organic acid column (Bio-Rad Laboratories, Richmond, CA, U.S.A.) in an instrument from Constametric Laboratory Data Control (Division of Milton Roy, Riviera Beach, FL, U.S.A.). Aminex HPX-87H is a cation exchanger and separates the acids by ion exclusion and partition chromatography. The column was eluted with 5mM-H2SO4 according to the description provided by the manufacturer.
Conversion of lactate into alanine
The enzymic conversion of 14C-labelled degradation products into alanine by the combined action of lactate dehydrogenase and alanine aminotransferase was studied as follows. To three 1 ml incubation mixtures containing 0.04M-Tris/HCl buffer, pH 7.4, 0.01 M-sodium glutamate, 1.7mg of NAD+ and 5000c.p.m. of 14C-labelled product were added, respectively: (1) The accumulation of labelled HA by the cells was followed at 370C during a 135 min period (Fig.  3) . Three concentrations were chosen, 0.05, 0.2 and L.OMg/ml [see our preliminary note for similar studies at higher concentrations of HA (Eriksson et al., 1983) ]. The extrapolated values for cell- Fig. 3 (Fig. 3) . However, even under these conditions saturation was not achieved, since significant uptake of label continued also at exceedingly high polysaccharide concentration. This finding is illustrated in Table 3 Fig. 5 corresponded to 20%, 15%, 13% and 8%, respectively, of the total (degraded and undegraded) HA in the cultures incubated with 50ng/ml, 200 ng/ml, 1 jg/ml and 54ug/ml respectively. The major part of the HA taken up by the liver endothelial cells is thus degraded into low-Mr compounds and released into the medium. The total radioactivity in the cultures remained constant during the experiment, i.e. no volatile products were formed.
The efficiency of other compounds to inhibit the formation of degradation products is shown in 
Identification of the degradation products
The labelled degradation product derived from N-[3H]acetyl-labelled HA in liver-endothelial-cell cultures was identified mainly as acetate by the following criteria. It migrated in high-voltage electrophoresis and in paper chromatography in butanol/ethanol/water as a sample of standard [14C]acetate. Paper chromatograms developed in ethyl acetate/acetic acid/water contained no detectable radioactivity, presumably owing to evaporation of acetic acid during drying. In highperformance liquid chromatography the degradation product was largely eluted as a sharp peak with the retention time of acetate (Fig. 6 ), but 22% was recovered as a separate, more retarded, unidentified peak.
Degradation by liver endothelial cells of HA labelled with 14C in the pyranose carbon atoms yielded a radioactive product that behaved like lactate in high-voltage electrophoresis and in the two paper-chromatography systems. Moreover, the material coincided with standard lactate on high-performance liquid chromatography (Fig. 6 ).
[14C]Lactate was conclusively identified by use of the highly specific enzymes lactate dehydrogenase and alanine aminotransferase. Under appropriate conditions these enzymes convert anionic lactate into alanine, which is a cation at low pH. After incubation to equilibrium of the 14C-labelled HA degradation product with lactate dehydrogenase and alanine aminotransferase, 47% of the radioactivity was adsorbed to the cation exchanger. Similar treatment of a sample containing an excess of standard L-[14C]lactate yielded 48% cationic material. When alanine aminotransferase or lactate dehydrogenase was excluded from the incubation mixtures, 13% and 14%, respectively, of the radioactivity was adsorbed to the ion exchanger. This small conversion could be explained by minute cross-contamination of the two enzymes.
Discussion
The present data confirm our previous conclusion (Eriksson et al., 1983) (Table 2 ). The accumulation of fluorescent HA in liver endothelial cells (Fig. 4) (0) and 5ug/ml (5) respectively to 2cm2 cultures ofliver endothelial cells and incubated at 37°C. The medium was recovered at the indicated times and the labelled material separated into high-and low-Mr fractions as described in the Materials and methods section.
The percentages shown denote the proportions ofthe added HA that were recovered as low-M, degradation products at the termination of the experiment (8h). (Underhill, i982; Underhill & Toole, 1979 , 1981 Underhill et al., 1983) Fraction no. Fig. 6 . High-performance liquid chromatography ofdegradation products derived from radioactive HA in liverendothelial-cell cultures Liver endothelial cells were incubated with HA labelled with 14C in the pyranose carbon atoms or with 3H in the N-acetyl groups. The degradation products were chromatographed as described in the Materials and methods section. The elution position of undegraded HA is marked with an arrow (A). The 14C-labelled product (a) was recovered in one peak (yield 73%) at the site of standard [14C]lactate (B). The 3H-labelled material (0) was recovered quantitatively, 75% being eluted at the position of standard [14C]acetate (C) and 22% in a peak of unidentified material.
described here has several similarities to that described for 3T3 cells. Firstly, the number of molecules bound per cell is of the same order of magnitude. Secondly, although the dissociation constant for liver endothelial cells was found to be about 6 x 1I1 1M, whereas that of 3T3 cells was 1 x I0-9-2 x I0-9M, the difference can be rationalized in terms of multiple site attachments, as discussed by Underhill & Toole (1980) . The multiplesite attachment theory is supported by the finding (Table 1) that high-M, HA inhibited the binding of the radioactive polymer to the cells much more strongly than did the oligosaccharides. Thirdly, both the receptor found by Underhill & Toole (1979) and the accumulation of HA in liver endothelial cells seem to function in the absence of extracellular Ca2+. Finally, the relative inhibitory potency of the various oligosaccharides in Table 1 is similar to that shown by Underhill & Toole (1979) . In view of the multiple-attachment hypothesis, 104 binding sites per liver endothelial cell is a minimum number.
Chondroitin sulphate and dermatan sulphate may compete with HA binding, whereas heparin, heparan sulphate and ovalbumin do not. The lack of activity of ovalbumin rules out uptake of HA by the mannose/N-acetylglucosamine receptor (Neufeld & Ashwell, 1980 Fig. 3 and those outlined in a previous communication (Eriksson et al., 1983) demonstrate that the accumulation rate increases with increasing HA concentration, reaching no upper limit. At the concentrations indicated in Fig.  3 the uptake is nearly proportional to the concentration of free HA in the medium. Such a relationship points to a fluid-phase endocytosis and can be expressed as a clearance of HA contained in a defined volume of the medium per unit time (2pl/min per cell). However, fluid-phase endocytosis measured by uptake of polyvinylpyrrolidone in liver endothelial cells is one order of magnitude less than the above value (Munniksma et al., 1980) . Moreover, excess unlabelled HA does decrease the uptake of label ( (Table 4) . This is expected if they are competing substrates for the degrading enzymes. The finding that the longer oligosaccharides are more effective than the short ones could indicate that hyaluronidase action is the rate-limiting step in the degradation rather than the activity of an exoenzyme. Also chondroitin sulphate and dermatan sulphate could, in view of their similarity to HA, inhibit hyaluronidase (Aronson & Davidson, 1967; Gold, 1982) .
It was surprising to find acetate and lactate as major degradation products. It was previously reported (Eriksson et al., 1983) (Wisse, 1970) Degradation products formed in vivo from intravenously injected labelled HA and isolated from the liver showed the presence of N-acetylglucosamine and a mixture of glucuronic acid and gulonic acid (J. R. E. Fraser, unpublished work).
Physiological considerations
The binding curve in Fig. 1 shows 50% saturation at approx. 20ng of free HA/ml. This value is within the range of the physiological plasma concentration of HA in both humans and rats (Engstrom-Laurent et al., 1983) . It is thus tempting to propose that binding and internalization of HA by liver endothelial cells may be essential in regulating the blood concentration of HA. This proposal is further strengthened by a comparison of the rates of HA turnover in vitro and in vivo. The rate in vitro at a concentration of 50ng of HA/ml in the medium is approx. 0.1 fg of HA/ min per cell. The rat liver contains 42 x 106 liver endothelial cells (Knook & Sleyster, 1980) . Assuming the same content per g of human liver (1500g) we can calculate the number in an adult human to approx. 6.3 x 1010. According to the experiments in vitro, they should turn over 6.3 pg of HA/min. Our studies on HA in human plasma showed an average turnover time of 3.8-7.9 min (Fraser et al., 1984) . A person with a plasma volume of 2400ml and a plasma concentration of 50ng of HA/ml should therefore turn over 15-32pg/min. In view of the uncertainty of the assumptions made in the calculations, there is a good correlation between uptake of HA in liver endothelial cells in vivo and in vitro. The same lag time recorded in vitro for appearance of degradation products was observed in vivo in both rabbit and man (Fraser et al., 1981 (Fraser et al., , 1984 . We may thus conclude that the uptake and degradation of HA in liver endothelial cells in vitro has many features in common with the process in vivo, and, furthermore, that these cells may be primarily responsible for the rapid clearance of HA from plasma.
